Matrix (M) proteins of negative-strand RNA viruses constitute major structural components of the virus and are believed to be required for virus assembly and budding. For rhabdoviruses, the first insight into the function of M protein was obtained by treating vesicular stomatitis virus (VSV) with nonionic detergent and analyzing intact VSV nucleocapsid-M complexes. Isolated subviral structures, which were named skeletons, resembled intact virions, despite their increased length and smaller diameter (3, 22) . These results suggested that the viral assembly function is due to the ability of M to bind and probably condense the nucleocapsid (reviewed in reference 14) . Most importantly, skeleton-like structures were also observed near the plasma membranes of VSV-infected cells, showing that these structures represent an intermediate between naked nucleocapsid and mature virions (24) . VSV M has been also shown to bind to the plasma membrane even in the absence of other viral proteins, and such membrane-associated M was also able to bind to the nucleocapsid of VSV in vitro (4, 5) . These properties of M protein make it likely that M functions in the viral assembly and budding process by acting as a bridge between the nucleocapsid and the plasma membrane.
In influenza virus, the matrix protein (M1) is proposed to surround the nucleocapsid (26) , and it was suggested that M1 interacts with the membrane and perhaps also with the spike proteins. In contrast, VSV M protein was suggested to be inside the nucleocapsid coil and accessible to make contact with the lipid bilayer only at the extreme ends (1) . This is in contrast to the more generally accepted view that M is responsible for the condensation of the nucleocapsid from outside and that it is localized between the nucleocapsid coil and the membrane (33) . For both VSV and influenza virus, due to the lack of clear labeling with antibodies, no conclusive data on the localization of M have been obtained.
The genome organization and virion structure of rabies virus (RV), the prototype of the Lyssavirus genus within the family Rhabdoviridae, are highly similar to those of VSV. In both viruses, the nonsegmented negative-strand RNA together with the nucleoprotein (N), phosphoprotein (P), and polymerase (L) forms a helical ribonucleoprotein (RNP) complex. In the virion, the RNP is enwrapped by a lipid bilayer containing the single transmembrane spike glycoprotein (G) and, ostensibly, the matrix protein (M). Although the central role of M proteins of nonsegmented negative-strand RNA viruses in virus assembly and budding process appears to be obvious, direct experimental evidence for their functions has not been provided. This was mainly due to the lack of systems that would allow direct genetic manipulation of nonsegmented negativestrand RNA virus genomes. These technical difficulties have been overcome by the development of reverse genetics systems allowing recovery of viruses from cDNA, as first described for RV (31) , which are now being employed for generation of nonsegmented negative-strand RNA virus mutants (reviewed in reference 9).
Recently, we have shown that spikeless rhabdovirus-shaped particles are released from cells infected with a G-deficient mutant, albeit at a 30-fold lower efficiency (21) . This demonstrated that RNPs associated with M protein can be enwrapped with a membrane and bud at the cell surface. For VSV, it was shown that M is able to induce budding of vesicles in the absence of other VSV proteins (13, 15) , indicating that M protein is able to pinch off membranes autonomously. Apart from M protein, rhabdovirus G proteins were also shown to contribute to the budding efficiency and even to be able to mobilize RNAs or RNPs (21, 25) . Therefore, highly efficient budding of rhabdoviruses is achieved by a concerted action of both spikes and cores.
Another role of M protein in virion formation is its involvement in virion morphogenesis. It was shown that spherical particles were released from cells infected by a temperaturesensitive M mutant of VSV at the nonpermissive temperature (16) . In addition, the involvement of M in determining the formation of spherical or filamentous particles was documented for influenza viruses (34) , suggesting a pivotal role of M protein in virion morphogenesis.
Apart from their roles in virus assembly and budding, M proteins of rhabdoviruses, influenza viruses, and paramyxoviruses were reported to inhibit viral transcription (2, 6, 12, 18, 35, 37) . Subgenomic mRNAs of these groups of viruses are transcribed from RNPs which also serve as templates for the replication of full-length RNAs. In an in vitro transcription assay with isolated RNPs and M protein of VSV, the transcription inhibition activity of the M protein was shown to be due to reassociation of M protein with RNP cores (2) .
In this report, based on biochemical studies and reverse genetics approaches, we show the localization of M protein in mature RV and describe properties of an RV mutant lacking the entire M gene. The results demonstrate that M lies between the lipid bilayer and the RNP coil and that in the absence of M protein the virus assembly and budding process is severely impaired. Characterization by electron microscopy showed poor release of only rod-shaped particles or round vesicular structures but no bullet-shaped viruses. Subsequent expression of M protein from plasmid DNA in cells infected with the M-deficient mutant rescued high titers of infectivity and resulted in the release of typical bullet-shaped particles, demonstrating that RV M protein is responsible for the formation of virions with a bullet-like morphology. Moreover, we provide evidence for a direct interaction of G protein with M.
MATERIALS AND METHODS
Detergent treatment of virions and immunoelectron microscopy. Approximately 10 6 and 10 7 BSR cells were infected with SAD L16 and SAD ⌬M, respectively, at a multiplicity of infection (MOI) of 1. Approximately 5 ϫ 10 8 SAD L16 virions were treated with either 0.05% Triton X-100 or 20 mM octyl-glucoside for 15 min at room temperature. Detergent-treated or untreated control samples were fixed with 0.5% glutaraldehyde for 30 min at 4°C and purified by centrifugation through 20% sucrose on a 60% sucrose cushion in a Beckman SW41 rotor at 27,000 rpm for 90 min. The interphase was then collected by side puncture. Carbon-coated nickel grids were deposited for 7 min on a drop of the virus suspension and washed four times with phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin. Samples were incubated for 45 min with anti-RV G monoclonal antibody (MAb) E543 (27) , a monospecific anti-M polyclonal rabbit serum (S66), or a rabbit serum raised against purified RV RNP (S50), recognizing RV N and P proteins (21) . Immunostaining was performed by incubating the samples with goat anti-mouse or goat anti-rabbit immunoglobulin G antibody (Biocell, Cardiff, United Kingdom) coupled to 10-nm gold particles. After being washed with PBS and distilled water, the samples were negatively stained with 1% uranyl acetate (unbuffered) and examined in a Zeiss 109 electron microscope. Micrographs were taken at an instrumental magnification of ϫ50,000 on Agfa Scientia 23D56 film.
Construction of a cDNA clone. To delete the entire M protein-coding region from the RV genome, the following manipulations were performed with the full-length cDNA clone pSAD L16 (31) , which possesses the authentic sequence of the RV strain SAD B19 (7). First, subclone pSKpm24, containing a 2.7-kb EcoRI-XhoI fragment of pSAD L16, representing SAD B19 nucleotides 1112 to 3823, was generated. By digestion of pSKpm24 with PflMI and XbaI, subsequent filling in by Klenow enzyme, and religation, a cDNA fragment comprising SAD B19 nucleotides 2435 to 3176 was removed. A BstBI fragment of the modified pSKpm24 (SAD B19 positions 1498 to 3739) was then isolated and used to replace the corresponding fragment of pSAD L16 to give rise to pSAD ⌬M.
Recovery of M-deficient RV. Transfection experiments were carried out as described previously (10) . Approximately 10 6 BSR cells were infected with the recombinant vaccinia virus vTF7-3 (11) and then transfected with a plasmid mixture containing 5 g of pT7T-N, 2.5 g of pT7T-P, 2.5 g of pT7T-L, 2 g of pT7T-M, and 4 g of pSAD ⌬M by using the Stratagene mammalian transfection kit (CaPO 4 protocol). Isolation of the transfectant virus and removal of vaccinia virus were carried out as described previously (31) . For passage of SAD ⌬M, which required complementation with M protein to be effective, cells were incubated with the clarified supernatant, infected with vTF7-3, and transfected with 2 g of pT7T-M as described above. For detection of replicating RV, infected cells were fixed with 80% acetone and stained with a conjugate containing a mixture of MAbs directed to RV N protein (Centocor). Stocks of phenotypically complemented SAD ⌬M were prepared after seven or eight serial passages. Infectious titers of RV and M-complemented SAD ⌬M were determined by serial 10-fold dilution and staining of infected foci or syncytia with the N conjugate. For noncomplemented SAD ⌬M, the undiluted supernatant was used for infection of cells, and fluorescent syncytia were counted at 24 h postinfection.
Analysis of RNA and RT-PCR. Total RNA isolated from infected cells was electrophoresed on denaturing gels and analyzed by Northern hybridizations as described previously (8) . RV N or M gene cDNA fragments were labeled with 32 P by nick translation (Amersham nick translation kit). Reverse transcription-PCR (RT-PCR) was performed on 1 g of total RNA from infected cells. Reverse transcription by avian myeloblastosis virus reverse transcriptase was primed by an RV P gene-specific oligonucleotide, NS1P (5Ј-GTCGAATCCGA CAAGCTG-3Ј; SAD B19 nucleotides 2345 to 2362). DNA amplification was done with primer NS1P and a G gene-specific primer, G4M (5Ј-GGGTACAA ACAGGACAGC-3Ј; SAD B19 nucleotides 3329 to 3346), or an M gene-specific primer, M4M (5Ј-TTGCAATCCGACGAACTC-3Ј). The PCR products resulting from 30 cycles (denaturation for 30 s at 94°C, annealing for 60 s at 45°C, and elongation for 120 s at 72°C) were analyzed on 1% agarose gels and used directly for sequencing.
Metabolic labeling and immunoprecipitation of proteins. For surface immunoprecipitation, approximately 10 6 BSR cells were infected with recombinant RVs at an MOI of 1. After 16 h of infection, cells were labeled with 100 Ci of [ 35 S]methionine (1,365 Ci/mmol; ICN) for 3 h. The labeled cells were then incubated with a MAb directed to RV G protein for 45 min at 4°C. Antigen extraction and immunoprecipitation were performed as described previously (21) . Immunoprecipitated proteins were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and quantitated with a phosphorimager (Fuji BAS1500).
Sucrose gradient centrifugation and protein analysis. For analysis of cell-free virions, approximately 10 6 and 10 7 cells were infected with SAD L16 and SAD ⌬M, respectively, at an MOI of 1. For velocity centrifugation, supernatants were collected at 2 days postinfection and layered on 5 to 25% sucrose gradients prepared in TEN buffer (10 mM Tris [pH 7.4], 50 mM NaCl, 1 mM EDTA). The gradients were centrifuged at 31,500 rpm in an SW41 rotor for 30 min. To analyze the protein composition of cell-associated infectious particles, equal amounts of infected cells were washed five times with PBS and harvested by scraping the monolayer in TEN buffer, pH 7.4. Cells were disrupted by sonication for 10 s at 100 W with a Sonifier B12 (Branson Sonic Power Company), and the lysates were clarified by centrifugation at 5,000 ϫ g for 5 min at 4°C. For isopycnic centrifugation, clarified cell lysates or supernatants containing released particles were layered over 10 to 70% continuous sucrose gradients and centrifuged in an SW41 rotor at 35,000 rpm for 18 h. Equal amounts of 12 fractions were collected, and an aliquot from each fraction was used to determine the refractive index and the titer of infectious particles by end point dilution. Virus proteins from gradient fractions were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and incubated with a mixture of rabbit sera directed against RV proteins as described previously (21) . Proteins were visualized after incubation with peroxidase-conjugated goat anti-rabbit immunoglobulin G (Dianova) by using the ECL Western blot detection kit (Amersham) (1-min incubation) and exposure to X-ray films (Biomax MR; Kodak).
RESULTS
RV M is located beneath the lipid bilayer and surrounds the RNP. The virtual dogma that matrix proteins underlie the viral lipid bilayer was recently challenged by results obtained in electron microscopic studies of VSV, the prototype rhabdovirus. It was suggested that VSV M is inside the RNP coil and that only the part of M that protrudes from the RNP ends is able to contact the lipid bilayer (1). To determine the localization of M in RV virions, supernatants from infected-cell cultures were harvested 24 h after infection, treated with detergent, and fixed with glutaraldehyde. Virions were then purified over sucrose gradients. Electron microscopic examination of untreated control samples which were incubated with a monospecific anti-M polyclonal rabbit serum did not show labeling on the outer surface, confirming that M protein does not protrude through the virus membrane (Fig. 1A) . Treatment of virions with 0.05% Triton X-100 removed the lipid bilayer together with the surface transmembrane glycoprotein and resulted in subviral structures with the same lengths as intact RV but with smaller diameters (50 to 60 nm) than intact RV (90 to 100 nm) (Fig. 1 ). Similar structures of VSV that was treated with octyl-glucoside have been named skeletons (3), and we also use this term for the subviral RV structures obtained after treatment with Triton X-100. The shapes of the structures observed ranged from intact skeletons with residual lipid bilayers (Fig. 1B ) to partially disassembled ones in which RNP extended out of the skeleton (Fig. 1D ). This heterogeneity helped us to determine the locations of virus proteins in the different structures. By using an anti-G MAb, no gold labeling of skeletons was detected, except for areas where the lipid bilayer was not completely removed (Fig. 1B) . To analyze the localization of M protein in the subviral structure, the treated particles were labeled with the monospecific anti-M serum and examined by electron microscopy. Intensive labeling of intact skeletons was observed in areas completely devoid of membranes, demonstrating that RV M lies beneath the lipid bilayer and covers the nucleocapsid (Fig. 1C) . In partially disassembled skeletons, M labeling was not detected on the uncoiled RNP, except at the unravelling ends of skeletons (not shown). Incubation of such partially disassembled skeletons with a rabbit serum raised against purified RNP resulted in intense labeling of the unwound nucleocapsid, but no gold labeling was observed on the surface of the intact skeleton (Fig. 1D) . Obviously, RV M protein covers the entire surface of condensed RNPs. Even upon removal of the membrane, M protein is associated with the nucleocapsid and maintains it in a compact form. Upon partial removal of M, the RNP coil is released at one or both ends of the skeleton (Fig. 1D) . Intensive treatment with the detergent resulted in a complete disassembly of the skeleton structure (not shown), demonstrating that M protein imposes a definite shape by maintaining the condensation of the RNP coil.
Generation of an M-deficient RV mutant. Analysis of genetically engineered viruses that are completely devoid of a particular gene and the ability to trans complement the essential functions have proved useful in investigating the roles of viral proteins. In order to address the functions of RV M protein in virion formation, we constructed a cDNA in which the entire RV M gene sequence (SAD B19 positions 2435 to 3176) was deleted (Fig. 2) . To rescue the modified cDNA into virus, we used a previously described system (31) in which T7 RNA polymerase transcripts corresponding to RV antigenome RNA are assembled into transcriptionally active RNPs in cells that express RV N, P, and L proteins. Not unexpectedly, it was not possible to recover infectious M-deficient virions by using the standard protocol, indicating severe impairment of virus formation in the absence of M protein. We therefore complemented the defects during recovery experiments by expression of M protein. In addition to the plasmids encoding RV N, P, and L proteins and the antigenome of the M-deficient mutant (SAD ⌬M), cell cultures were transfected with pT7T-M, encoding the SAD B19 M protein (10) . After incubation for 2 days, the presence of virus was detected by direct immunofluorescence with an anti-N conjugate. Stocks of cell-free phenotypically complemented SAD ⌬M were prepared after seven or eight passages in cells transiently expressing RV M protein from transfected plasmids. The recombinant vaccinia virus vTF7-3 expressing T7 RNA polymerase was then removed from the resulting supernatant by filtration.
To first confirm the absence of the M gene in SAD ⌬M, total RNA was isolated from cells infected with phenotypically complemented SAD ⌬M virions, and RT-PCR was performed. By using the P gene-specific primer NS1P and the G gene-specific primer G4M, DNA fragments of ϳ990 and ϳ250 bp were obtained from the genomes of SAD L16 and SAD ⌬M, respectively (not shown). The size difference of ϳ740 bp corresponded to the deletion introduced into the cDNA. In addition, by using primer NS1P and an M gene-specific primer, M4M, a DNA fragment of ϳ600 bp was obtained from the genome of SAD L16, but no product from the SAD ⌬M genome was detected. The identity of the recombinant SAD ⌬M virus was further verified by sequencing the PCR products and by Northern blotting of total RNA from cells infected with SAD ⌬M or SAD L16. With a probe spanning the entire coding region of the RV M gene, no hybridization of SAD ⌬M RNAs was observed in Northern blots, once again confirming the absence of the M gene (not shown). As determined with a phosphorimager, approximately twofold more N mRNA was reproducibly present in SAD ⌬M-infected cells than in SAD L16-infected cells, which might in part reflect alleviation of the transcriptioninhibitory activity of rhabdovirus M protein (2, 6, 12) .
SAD To compare the spreads of SAD ⌬M and SAD L16, infected-cell cultures were fixed with acetone and examined by direct immunofluorescence with an anti-N conjugate (Fig. 3B) . At 48 h after infection, cells expressing RV N protein were found to fuse with neighboring cells and to form large multinucleated syncytia, which is not a characteristic property of a standard RV infection. At 72 h, these syncytia start to break into small pieces and either remain on the monolayer or float in the supernatant (Fig. 3) . G protein accumulates to high levels on the surfaces of cells infected with SAD ⌬M virus. Previous results obtained with a G-deficient RV mutant showed that infection of cells with supernatant virus and cell-to-cell spread of RV absolutely depend upon the presence of the G protein (21) . Since the rate of intracellular transport and accumulation of the G protein at the cell surface may affect the growth characteristics of RV, cells infected with SAD ⌬M and SAD L16 were analyzed for the amount of G protein expressed at the cell surface. After 16 h of infection, cells were labeled with 100 Ci of [
35 S]methionine for 3 h, incubated with an anti-G MAb, and analyzed by surface immunoprecipitation (Fig. 4) . As quantitated with a phosphorimager, the total amount of G protein in SAD ⌬M-infected cells was only 3% more than that in SAD L16-infected cells. However, the amount of G protein present on the surfaces of infected cells was 2.6-fold more for SAD ⌬M-infected cells. The cell surface G was 13 and 33% of the total G content for SAD L16 and SAD ⌬M, respectively. Since G is the only RV protein that has a fusion activity, the enhanced cell surface accumulation of G protein may be responsible for the increased cell-cell fusion in SAD ⌬M-infected cells.
M is the driving force in virus assembly and budding. The characteristic pattern of spread observed for SAD ⌬M in cell culture and the high-level accumulation of G protein on the surfaces of SAD ⌬M-infected cells suggested a defect in the virus assembly and budding process. To determine the efficiency of virus formation and release, noncomplementing cells were infected at an MOI of 1 with phenotypically complemented SAD ⌬M virions. The supernatants as well as cell extracts were titrated at 24, 48, and 72 h after infection. Compared to that of SAD L16, the total amount of infectious SAD ⌬M, including both cell-associated and cell-free virus, was reduced by factors of approximately 600 at 24 h and 10,000 at 48 h postinfection (Table 1) . When only the titers of cell-free infectious virus were compared, the yield was reduced by as much as 5 ϫ 10 5 -fold. In agreement with this, 98% of SAD ⌬M infectious particles were found to be cell associated, compared to fewer than 10% for the wild-type virus, at 48 h postinfection. This indicated severe defects in the virus assembly and budding mechanism in the absence of M protein (Table 1) .
Physical characteristics of infectious SAD ⌬M particles.
To analyze the sedimentation rate of the infectious particles, supernatants from cells infected with SAD ⌬M were layered on a 5 to 25% continuous sucrose gradient and centrifuged at 31,500 rpm in an SW41 rotor for 30 min. Twelve equal fractions were collected from the gradient, and the infectivities of individual fractions were determined by end point dilution. For wild-type RV, the peak of infectivity was in fractions 9 and 10 (numbering is from the top to the bottom of the gradient), whereas for SAD ⌬M, the majority of infectious particles were found in two distinct peaks, encompassing fractions 7 and 8 and fraction 11. This result indicated that the size of SAD ⌬M particles differs considerably from that of wild-type RV. To determine the density of the infectious SAD ⌬M particles, samples were sedimented to equilibrium on 10 to 70% continuous sucrose gradients, and the infectivities of 12 equal fractions were determined as described above. The densities of the fractions containing the majority of infectious SAD ⌬M and SAD L16 were found to be 1.17 and 1.16 g/cm 3 , respectively. RV M interacts with G. An interaction between G and M and/or N has been postulated to be required for efficient budding of rhabdoviruses (17, 21) . However, there was little direct evidence in support of this central dogma. The analysis of the SAD ⌬M mutant was therefore expected to give clues as to whether G interacts with M, N, or the RNP. Since most SAD ⌬M infectious particles are cell associated, we analyzed the protein composition and infectivity of cell-bound particles after equilibrium centrifugation on sucrose gradients. Total cell lysates were prepared as described in Materials and Methods, layered on a 10 to 70% sucrose gradient, and fractionated as described above. The locations of virus proteins were determined by Western blotting, and the infectivities and refractive indices of individual fractions were determined. The majority of cell-associated infectious SAD L16 virions were localized in fraction 6 (2 ϫ 10 6 /ml), which also contained the largest amount of virus proteins (Fig. 5) . The infectivity of cell-bound SAD ⌬M also peaked in fraction 6 (1.5 ϫ 10 3 /ml), which has a density of 1.14 g/cm 3 . Another protein peak in both gradients in which mainly N was detected was localized in fraction 9 for SAD L16 and in fractions 9 and 10 for SAD ⌬M. The density of 1.21 g/cm 3 for fraction 9 in both gradients is identical to the density of RV RNPs obtained after detergent treatment of purified virions (21) .
A striking difference between the two gradients was in the proportions of N protein localized in the two peaks (Fig. 5) . While the N protein in fractions 5 and 6, where G is also colocalized, in the SAD L16 gradient constitutes 36% of the total N protein, only 6% of the SAD ⌬M N protein is localized in the corresponding fractions. The lack of colocalization of the SAD ⌬M RNP with G protein indicated that only those RNPs enwrapped by M protein are able to specifically interact with the spike protein. To investigate whether M alone can interact with G or whether formation of an M-RNP complex is necessary, we expressed RV M, N, and G proteins either alone or in combinations and analyzed cell lysates by sedimentation on sucrose gradients. When M protein was expressed in the absence of other viral proteins, about 10% of M remained within the top three fractions of the gradient, whereas more than 90% moved towards the bottom of the gradient and peaked in fractions 6 and 7 (Fig. 6 ). When G was expressed alone, the majority of G was localized in fractions 3 to 5. Most interestingly, when M and G were coexpressed, the localization of M remained unaltered, but G followed M and colocalized with it throughout the gradient, except at the top. In contrast, the distribution pattern of G remained unchanged when it was coexpressed with N protein, suggesting the absence of a direct G-N interaction. These results indicated that M is able to interact with G even in the absence of other viral components and also in the form of an M-RNP complex (Fig. 5) . Obviously, the interaction between G and the RNP-M complex is crucial for efficient budding of infectious progeny virions. M renders RV bullet shaped. As shown above, the infectious particles produced in SAD ⌬M-infected cells varied in many respects from wild-type RV. To analyze the morphology of the infectious particles released in the absence of M protein, supernatant samples were fixed with 0.5% glutaraldehyde and purified over a sucrose gradient. Samples were incubated with a MAb directed against RV G protein, stained with a secondary antibody coupled to colloidal gold, and examined by immunoelectron microscopy. Although control samples prepared in parallel from SAD L16-infected cells contained almost exclusively typical bullet-shaped particles, we repeatedly failed to detect even a single bullet-shape particle in samples prepared from SAD ⌬M-infected cells. Instead, the latter samples contained either unique long, rod-shaped particles with smaller diameters or rounded, vesicular structures (Fig. 7A to C) . The long, rod-shaped particles that were found exclusively in the supernatants of cells infected by SAD ⌬M varied greatly in size, ranging from 500 to 1,000 nm by 50 nm, compared to 200 to 300 nm by 95 nm for wild-type RV. Both types of particles were labeled with anti-G MAb, showing that they contain spike G protein on their surfaces. Due to the high accumulation of G protein on the surfaces of SAD ⌬M infected cells, the particles may have acquired G protein nonspecifically. Attempts were also made to visualize SAD ⌬M virions budding from the surfaces of virus-infected cells by examining thin sections in the electron microscope. However, we failed to detect any viruslike particle budding at the plasma membrane, further confirming that in the absence of M, RNPs alone are not competent for budding, even at G-containing membranes.
To confirm the possibility of correcting the observed defects in the assembly and budding process of the SAD ⌬M RV mutant, we complemented the M deficiency by expressing RV M protein in infected cells. The resulting supernatant was analyzed for infectivity by end point dilution and for particle morphology by electron microscopy as described above. After complementation of SAD ⌬M, the infectious particle yield at 24 h posttransfection was increased approximately 10,000 fold, from 10 2 /ml (SAD ⌬M) to 10 6 /ml (SAD ⌬M plus M), thus reaching 1% of the maximal SAD L16 titers. This indicated alleviation of the major defects by M protein provided in trans. Moreover, the increase in titer in the supernatant was accompanied by the formation of typical bullet-shaped particles (Fig.  7D) . Although round vesicular structures were still present in smaller number, the long rod-shaped particles were virtually absent in the supernatants after complementation with M protein from transfected plasmids. Taken together, these results show the absolute requirement of rhabdovirus M protein for efficient virus assembly and budding and for the bullet-like morphology.
FIG. 5. Protein composition of cell-associated SAD L16 and SAD ⌬M virions. Cell extracts from approximately 10
6 infected cells were prepared as described in Materials and Methods and purified by 10 to 70% sucrose gradient centrifugation. Twelve equal gradient fractions (numbered from top to bottom) were analyzed by Western blotting for the presence of viral proteins. The sucrose density was determined from the refractive index of each fraction. For both preparations, the peak of infectivity was present in fraction 6, which has a density of 1.14 g/cm 3 .
FIG. 6. RV M interacts with G. Approximately 10
6 BSR cells were first infected with vTF7-3 and then transfected with 5 g of plasmid DNA. After 16 h of infection, cell lysates were prepared, centrifuged to equilibrium, and analyzed as described for 
DISCUSSION
In the assembly pathway of negative-strand RNA viruses, the steps following encapsidation of the RNA genome by nucleoprotein and finally resulting in the budding of mature viral particles are believed to involve the matrix (M) protein. However, knowledge about the biological functions of M protein is restricted mainly to membrane-or nucleocapsid-binding properties (reviewed in reference 14) , and more direct evidence that M protein does execute virus assembly and budding was not available. Recently, the M protein of VSV, the prototype rhabdovirus, was reported to be localized within the RNP coil peeled off by using a nonionic detergent. After immunogold labeling of the resulting subviral structures, an intense anti-M gold labeling was seen on the surface of the intact coiled nucleocapsid, the so-called skeleton. In contrast, anti-RNP label was bound only to uncoiled RNP extending from skeletons and not to the surfaces of intact skeletons. Both the intense M labeling of intact skeletons and their inaccessibility to N and P antibodies indicate that the RNP coil is completely covered with M protein. Removal of M protein from skeletons apparently results in uncoiling of RNP, which then can be labeled by anti-RNP antibodies. Thus, the M protein layer surrounding skeletons is responsible for keeping the RNP in the condensed form. The integrity and shape of the RV skeleton are therefore defined by the condensing effect of the M protein.
The finding that RV M lies beneath the lipid bilayer and surrounds the RNP contradicts the results published for VSV (1) . M protein of VSV was suggested to be only inside the nucleocapsid coil and to be able to interact with the membrane only at the extreme ends. The absence of anti-M labeling on the surfaces of VSV skeletons may be due to conformational differences between VSV M inside the RNP coils and VSV M that might surround the RNP, so that epitopes of the latter perhaps were not accessible to the antibodies used. Alternatively, M protein outside the RNP coil may be rapidly removed under the conditions used, while that inside may be more resistant and sufficient to keep the skeletons condensed. However, a significant difference in the structural organizations of the two rhabdoviruses cannot be excluded (see below). In fact, in contrast to the case for RV, we could also observe central structures resembling the described cigar-shaped core (1) in partially uncoiled VSV RNPs (not shown).
To elucidate the importance of RV M protein in virion formation, we generated the RV mutant SAD ⌬M, which lacks the entire M gene. The mode of spread of SAD ⌬M in cell culture was significantly different from that of wild-type RV. SAD ⌬M-infected cells showed an increased cell-cell fusion and enhanced cell death, in contrast to the noncytopathic type of growth of wild-type RV in cell culture. When infection was done at a low MOI (0.005), the formation of giant multinucleated cells was more evident. Such syncytia reach the maximum size at 48 h postinfection and then start to disintegrate. Although RV is a rather noncytopathogenic virus, higher accumulation of RV G protein in infected cells was reported to be associated with increased cytopathic effects in fibroblasts and RV-induced apoptosis in lymphocytes (23, 36) . Thus, the 2.6-fold higher level of G protein expression on the surfaces of cells infected by SAD ⌬M compared to SAD L16 may explain the increased cell-cell fusion and cytopathic effects observed in SAD ⌬M-infected cultures. In addition, the high-level accumulation of G on the surfaces of SAD ⌬M-infected cells strongly suggests low-level depletion of surface G by budding virions.
The findings that the total amount of infectious SAD ⌬M particles was decreased by up to 10,000-fold and that of cellfree particles was decreased by as much as 5 ϫ 10 5 -fold revealed severe defects in the virus formation process if M protein is not present. As shown by the density gradient centrifugation of cell-associated infectious particles, the middle peak in the SAD L16 gradient accounted for 36% of the total RNP, compared to only 6% of the corresponding SAD ⌬M RNP (Fig. 5) . Fraction 6 in both gradients contained the majority of infectious particles and presumably the majority of condensed RNP-M cores in the SAD L16 gradient. Such condensed RV RNP-M cores were demonstrated to be able to bud at the cell surface and mature into spikeless particles (21) . Thus, the considerable drop in SAD ⌬M infectious particle formation is mainly due to the absence of RNP-M cores, which may represent the minimum budding-competent subviral structure. Presumably, condensed RNPs, i.e., RNPs surrounded by M protein, already assume the skeleton-like structure intracellularly and not much change in shape is required during envelopment and budding. Thus, the way that RNPs of negative-strand RNA viruses are condensed by their M proteins may be the basis for morphological variation and efficiency of virion release.
Interestingly, more than 98% of SAD ⌬M infectious particles were cell associated, compared to fewer than 10% for SAD L16. This suggests that the assembly intermediates found in fraction 6 of SAD ⌬M-infected cells were not competent for envelopment with the plasma membrane. The released SAD ⌬M infectious particles, although heterogenous in size, have a density that is similar to that of wild-type RV, indicating that they are also composed of enveloped RNPs but in an uncondensed form. Such uncondensed RNPs might be enwrapped in G-containing membranes and released into the supernatant. Since rhabdovirus G proteins were shown to autonomously mobilize even unrelated RNAs or RNPs (21, 25) , this process of SAD ⌬M particle release does not represent the normal virus budding mechanism. We assume that the long rod-shaped particles contain uncondensed RNPs and constitute all free infectious SAD ⌬M particles. However, we cannot rule out the possibility that some of the G protein-containing round vesicles may also contain RNP-like structures, since particles both with and without electron-dense content were observed (Fig.  7C) . The complete absence of bullet-shaped particles in supernatants of SAD ⌬M-infected cells, however, shows the absolute requirement of M protein for the characteristic rhabdovirus morphology. Furthermore, after transient expression of RV M protein in cells that were infected by SAD ⌬M, the majority of released particles had the typical bullet-shape morphology. The titer in the supernatant was also raised 10,000-fold, clearly showing the central role of rhabdovirus M proteins in both virus morphogenesis and the budding process.
For efficient budding of RV, a concerted action of both the core (i.e., RNPs surrounded by M protein) and the spike protein was demonstrated to be essential (21) . In addition, the RV G cytoplasmic tail was shown to contain a signal to direct efficient incorporation of not only G but also chimeric proteins with foreign transmembrane domains and ectodomains into the envelopes of budding virions (19) (20) (21) . These data suggested that the RV G cytoplasmic tail specifically interacts with one or more internal virus proteins to facilitate both sorting of surface proteins into virus envelopes and efficient budding. The present results indicate that M is the only internal virus protein with which the G cytoplasmic tail may interact. The RV nucleocapsid skeleton is completely covered with M, rendering it inaccessible to antibodies and probably also to the G cytoplasmic tail. The lack of colocalization of Mless RNPs and G protein in SAD ⌬M gradients further supports the idea that the G cytoplasmic tails interact solely with RV M localized between the membrane and the nucleocapsid. This is further supported by the finding of colocalization between M-RNP and G in the wild-type RV (Fig. 5) as well as of cosedimentation of M and G in the absence of any other viral protein (Fig. 6) . Obviously, the interaction between G and the RNP complex is mediated by the M layer, allowing efficient release of infectious progeny virions.
In striking contrast to RV, the closely related VSV appears to utilize a nonspecific way of incorporating VSV G protein (28) or heterologous surface proteins (29, 32) into the envelope. For instance, the human transmembrane protein CD4 was found to be incorporated into the virus envelope with the same efficiency as a chimeric CD4 containing the transmembrane and cytoplasmic domains of VSV G (29, 32) . In contrast to the case for VSV, CD4 and the human chemokine receptor CXCR4 proteins were efficiently incorporated into an RV-derived envelope only when the autologous G tail was present (20, 30) . We have shown here that the M protein of RV interacts with G and is thus responsible for recruiting G protein into the virus. We are now identifying the residues of the cytoplasmic tail responsible for this interaction (unpublished data). A direct interaction of VSV M and VSV G has so far not been shown unequivocally (4, 17) . If the localization of VSV M is considered to be RV-like, the compelling differences in spike protein incorporation by VSV and RV might be explained by a less stringent and weaker interaction between M and G. If VSV M is considered to be only inside the RNP, as suggested recently (1), a basic difference in the assembly mechanisms of RV and VSV has to be postulated. In such a situation, M-G interactions would perhaps not be relevant, and this might be reflected by the observed nonselective incorporation of VSV surface proteins. Only some M protein protruding from the ends of RNPs would remain able to contact G-containing membranes. Moreover, a localization of M protein in VSV inside the RNP coil would require a substantially modified model of how efficient budding is achieved.
